With the goal of investigating the nature and the environment of the faint radio sources (at mJy level), here are presented results of X-ray identifications of Faint Imaging Radio Survey at Twenty centimetres (FIRST) in the 9 square degrees Boötes field of the NOAO Deep Wide Field Survey (NDWFS), using data from the Chandra XBoötes survey. A total of 92 (10%) FIRST radio sources are identified above the X-ray flux limit f X (0.5 − 7) keV = 8 × 10 −15 erg s −1 cm −2 , and 79 optical counterparts are common to both the radio and X-ray sources. Spectroscopic identifications were available for 22 sources (27%). Multi-wavelength optical/infrared photometric data (Bw ∼ 25.5 mag, R ∼ 25.8 mag, I ∼ 25.5 mag and K ∼ 19.4 mag) were available for this field and were used to derive photometric redshift for the remaining 57 sources without spectroscopic information. Most of the radio-X-ray matches are optically extended objects in the R band with a photometric redshift distribution peaking at z ∼ 0.7. Based on the hardness ratio and X-ray luminosity, 37 sources (89%) were classified as AGN-1, 19 as AGN-2, 12 as QSO-1, 2 as QSO-2 and 9 sources as normal galaxies. While the majority of these sources have a hard X-ray luminosity L X (2 − 7) keV > 10 42 erg s −1 , about one third of the sources have L X (2 − 7) keV > 10 44 erg s −1 and therefore classified as QSO-1. The majority (68%) of the radio-X-ray matched population are found to have log f X / f opt within 0.0 ± 1 region indicative of AGNs, 23% with high X-ray-to-optical flux ratio (log f X / f opt > 1), suggesting high redshift and/or dust obscured AGN, and 11% of the radio-X-ray matches that are X-ray faint optically bright sources with log f X / f opt < −1, and most of these sources are optically extended. These objects are low-z, normal galaxies or low luminosity AGNs (LINERS).
INTRODUCTION
X-ray surveys have played a crucial role in our understanding of the nature of the sources that populate the X-ray universe. Early surveys like the Einstein sensitivity survey (Gioia et al. 1990) , ROSAT(Roentgen Satellite) International X-ray/optical survey (Ciliegi et al. 1997 ) and the ASCA ( Advanced Satellite for Cosmology and Astrophysics) Large Sky Survey (Akiyama et al. 2000) showed that the vast majority of X-ray sources were AGN. In particular, in shallow wide area surveys in the soft (0.5-2 keV) X-ray band, most of the sources detected are unobscured, broad line AGN, which are characterised by a soft X-ray spectrum with a photon index Γ = 1.9 (Nandra & Pounds 1994) . On the other hand, the number density of AGN identified in the hard X-ray and mid-IR bands is far greater than that found in any optical surveys of comparable depth (e.g. Bauer et al. 2004; Stern et al. 2002a) .
A combination of radio data with optical and X-ray photometry provides a considerable wealth of information on the ⋆ E-mail: kelbouchefry@gmail.com nature of the faint radio/X-ray population (Stocke et al. 1991) . Deep radio survey at 1.4 GHz observations consist of two main populations: AGN and star-forming galaxies (Condon 1984; Windhorst et al. 1985) . At this frequency the primary emission mechanism in virtually all radio sources is synchrotron emission from relativistic electrons spiralling around the magnetic field within the host galaxy. The radio emission can be related either to ongoing star-forming processes or to the accretion activity onto the central super-massive black hole within the galaxy. At very faint flux densities (µJy), studies have shown that the radio population is provided by star forming galaxies, which produce non-thermal radio continuum at 1.4 GHz through synchrotron emission from supernovae remnants, while other studies suggested that the radio emission may be caused by 'radio-quiet' AGN, rather than star-forming galaxies (e.g. Simpson et al. 2006; Jarvis & Rawlings 2004) . At the Jansky and mJy levels, the bulk of the radio source population is dominated by powerful AGNs. Observations of radio emission of AGNs provide clues to the accretion history of the universe and important information in our understanding of how central black holes grow over cosmic time as well as the physical process behind these powerful objects, especially when combined c 2009 RAS with X-ray observations (e.g. Merloni et al. 2003) . They also provide clues to some properties of the interstellar and intergalactic medium.
Previous studies on cross correlations between radio and X-ray surveys have determined a link between the star formation rate and the radio and X-ray luminosities of star forming galaxies (e.g. Condon 1992; Ranalli, Comastri & Setti 2003) , which can be combined to determine relationships between radio and X-ray luminosities for star forming galaxies. Bauer et al. (2002) have conducted a study of the faint X-ray and radio sources using a 1 Ms Chandra data set and ultra deep VLA observations, finding a large overlap between faint X-ray and radio sources. These authors have shown that the X-ray and radio luminosities are correlated for nearby late type galaxies, and therefore used it to estimate the star formation rate in their sample. Other studies of the radio-X-ray correlations involve studies of the radio properties of the hard X-ray sources. For example, Barger et al. (2001) , cross correlated the VLA data (S 1.4 GHz = 25 µJy), with deep Chandra survey ( f X (2 − 10 keV) = 3.8 × 10 −15 erg s −1 cm −2 ) finding about 50% radio counterparts to their X-ray sources. Ciliegi et al. (2003) , have performed a study of the radio properties of the X-ray sources detected in the HELLAS survey (S 5 GHz = 0.3 mJy; f x (5 − 10 keV) = 5 − 4 × 10 −14 erg cm −2 s −1 ). They find an identification rate of 30% much higher than that of the soft band (0.5-2 keV). At somewhat fainter fluxes ( f X (2 − 8 keV) = 7.7 × 10 −15 erg cm −2 s −1 , S 1.4 GHz = 60 µJ), combined a single 50 ks XMM-Newton pointing with an ultra deep radio survey, finding an identification rate of ∼ 33%.
In previous papers (El Bouchefry 2009; El Bouchefry 2008; El Bouchefry & Cress 2007) , a detailed study on the optical/infrared identifications of FIRST radio sources in Boötes field of the NDWFS survey was performerd. A total of 688/900 FIRST radio sources have been identified in one or more bands (Bw, R, I, K) in Boötes field. This field covers a large area of about 9.3 square degrees and has been surveyed almost across the full electromagnetic spectrum: in UV (GALEX), optical (NDWFS), infrared (FLAMEX; Elston et al. 2006) , radio (VLA/FIRST; Becker, White, & Helfand 1995 and WSRT; de Vries et al. 2002) , and X-ray (Murray et al. 2005; Kenter et al. 2005) . The X-ray properties of FIRST radio sources have been studied in a few papers. For example, Brinkmann et al. (2000) compiled a large sample of X-ray selected AGN from the ROSAT All Sky Survey (Voges et al. 1999) and cross correlate this sample with the FIRST radio survey, finding a relatively tight linear correlation between the logarithmic of radio luminosity and the X-ray luminosity in the soft X-ray 0.5-2 keV band. At bright flux limits, f X (2− 10) keV = 10 −13 erg s −1 cm −2 , Akiyama et al. (2000) cross correlated the ASCA Large Sky Survey (LSS) with the FIRST catalogue, finding an identification rate of a ∼ 35% and a fraction of radio loud hard X-ray selected sources of approximately 10%. At faint X-ray flux f X (0.5 − 2) keV=1.5 × 10 −16 erg s −1 cm −2 , four radio sources from FIRST survey have been identified as a radio counterparts to four X-ray sources in the Large Area Lyman Alpha survey (LALA) Boötes field (wang et al. 2004) . SanchezSutil et al. (2006) cross correlated the FIRST radio sources with an ULX (Ultra Luminous X-ray) catalogue, and they found 70 positional coincidence and the majority of them are associated with the galaxy nucleus. The aim of this paper is to shed light on the nature and the environment of the faint radio population (at mJy level) detected in the FIRST radio survey, to characterise their X-ray counterparts and to distinguish between different groups of AGNs. Here, I combine data from the FIRST radio survey with a new, medium depth (5 ks/pointing) Wide field X-ray survey (known as the Chandra XBoötes) of the Boötes field of the NDWFS survey. The X-ray data reach a limiting flux of 4 × 10 −15 erg s −1 cm −2 in the soft band and 8 × 10 −15 erg s −1 cm −2 in the full band. Compared to the previous studies this data set, the FIRST/XBoötes, has the advantage of deep wide area optical/infrared observations, radio and intermediate in depth X-ray observations. The paper is organised as follows: section 2 presents a summary on the radio, X-ray and optical data. The matching procedure is described in section 3. Optical morphology and optical magnitude of the radio-X-ray matches are investigated in section 4 and 5 respectively. Section 6 presents the optical classification of the radio-X-ray matches, photometric redshift and also investigates the K − z diagram. Section 7 investigates the radio-X-ray luminosities. Section 8 presents the X-ray-to-optical flux ratio and Extremely red objects. Section 9 is devoted to the optical and X-ray properties of the radio-X-ray matches. Section 10 presents the final data table, and conclusions are summarised in section 11. Throughout this paper it is assumed that Ω M = 0.3, Ω Λ = 0.7 and H 0 =70 km s
THE SAMPLE DATA

The FIRST catalogue
The radio data are from the 2002 version of the FIRST Very Large Array catalogue 1 (Faint Images of the Radio Sky at TwentyCentimetres; Becker, White, & Helfand 1995) , and it is derived from 1993 through 2002 observations. The FIRST radio survey has been carried out in recent years with the VLA in its B-configuration to produce a map of 20 cm (1.4 GHz) sky with a beam size of 5.4 arcsec and an rms sensitivity of about 0.15 mJy/beam. The 2002 version of the catalogue covers a total of about 9033 square degrees of the sky (8422 square degrees in the north Galactic cap and 611 square degrees in the south Galactic cap); and contains 811,117 sources from the north and south Galactic caps. The accuracy of the radio position depends on the brightness and size of the source and the noise in the map. Point sources at the detection limit of the catalogue have positions accurate to better than 1 arcsec at 90% confidence; 2 mJy point sources typically have positions good to 0.5 arcsec. The radio surface density is ∼ 90 deg −2 ; and about 900 sources fall within the NDWFS Boötes field.
The FIRST survey provides high spatial resolution (5 arcsec beam). As a result, many large radio sources are resolved out and split into multiple components. In order to identify groups of sources that are likely to be sub-components of a single source, an algorithm similar to that used by Magliocchetti et al. (1998) is adopted for identifying genuine double radio sources in the FIRST survey. All doubles with θ 10 √ F tot are considered as a single object, where θ is their separation in arcsec and F tot is their summed flux density in mJy. The technique is based on the θ ∝ S relation found by Oort (1987) . Among the 900 FIRST radio sources that cover the NDWFS survey (Boötes field, 145 (16%) are double, 30 (3%) have three components, 6 (0.6%) sources have four components and 8 (0.8%) sources have more than five components.
The XBoötes catalogue
The X-ray data (Murray et al. 2005; Kenter et al. 2005) used in this paper are from the Chandra XBoötes surveys. The XBoötes catalogue contains ∼ 3213 X-ray point sources and is publicly available through the NOAO Deep Wide Field Survey (NDWFS) homepage 2 . The Chandra XBoötes survey imaged a large and contiguous area of 9.3 square degrees of the Boötes field of the NDWFS survey, and is centred on RA (J2000) ∼ 14 h 32 m and Dec (J2000) ∼ 34
• 06 ′ . The field was observed by the advanced CCD Imaging Spectrometer (AGIS-I) on the Chandra X-ray Observatory, and the data have arcsecond resolution and broad energy response up to 10 keV. The X-ray data was taken in 126 separate pointings, each observed for 5 ks. The X-ray data are filtered in the three energy bands : 0.5 − 7 keV, 0.5 − 2 keV, 2 − 7 keV with a limiting flux of ∼ 8 × 10 −15 erg s −1 cm −2 in the full band (0.2 − 7 keV) and of ∼ 4 × 10 −15 erg s −1 cm −2 in the soft band (0.5 − 2 keV).
The NDWFS survey (Boötes field)
The NOAO Deep Wide Field Survey (NDWFS) is a deep multiband imaging (Bw, R, I, J, H, K) designed to study the formation and evolution of large scale structures (Jannuzi et al. 1999; Brown et al. 2003) . This survey consists of two fields 3 ; the first one is located in Boötes field centred on approximately α = 14 h 30 ′ 05.7120 " , δ = +34
• 16 ′ 47.496 " , covering a 3 by 3 square degrees region, and the latter one is located in a 2.3 by 4 square degrees region in Cetus field. The survey catalogue has been split by declination range into four strips (32
; each strip observed in four bands (Bw, R, I, K) . The magnitude limits are: Bw ∼ 25.5 mag, R ∼ 25.8 mag, I ∼ 25.5 mag and K ∼ 19.4 mag.
CROSS IDENTIFICATION METHOD
When searching for optical/infrared or X-ray counterparts of radio sources (or vice versa), one must decide on the matching criteria to be adopted. A compromise is required in order to maximise both the completeness (i.e. all potential radio sources are included) and the reliability (i.e all included identifications are genuine) of the data base. The best way to ensure completeness and reliability is to determine a maximum position offset which includes all possible identifications and to have some realistic estimate of the uncertainties in both the radio and X-ray positions. The FIRST radio survey provides a high positional accuracy that is around ∼ 0.5 ′′ . The rms error of the X-ray positions ranges from 0.0 ′′ to 6.1 ′′ depending on the off-axis angle. The mean uncertainty in the X-ray positions is estimated to be ∼ 1.68
′′ . Combining these in quadrature with the radio astrometry errors defines a circle about the predicted coordinates of the source; with a radius of 1.75 ′′ (1 σ), within which the X-ray counterpart of the radio source is expected to be found. I first cross correlated both FIRST catalogue and XBoötes based on simple positional coincidence, and then took all the pairs whose radio and X-ray positions differed by less than 20
′′ . The cumulative distribution of the separations in angular distances between the Xray and radio positions is shown in Figure 1 . The upper curve shows the distribution offset for all matches between radio and X-ray positions. The lower curve shows the differential distribution which would be expected if all identifications were chance coincidence. To estimate the false match rate, all radio sources were shifted by 3 ′ , and the source matching algorithm was run again. As clearly seen from the plot, the radio-X-ray offset distribution exceed vastly the random distribution at offset 2 ′′ , meaning that real identifications of FIRST radio sources with X-ray objects dominate at smaller offsets. Based on this Figure, a 2 ′′ cut-off was chosen as a good compromise that radio and X-ray sources can be considered as counterparts, which results in 92 radio-X-ray matches. Furthermore, only one random identification was made at offsets smaller than the chosen matching radius of 2 arcsec, corresponding to 1% of the true matches. Figure 2 shows the positional offset between the radio and their X-ray counterparts. There are 86/92 (93%) X-ray-radio matches within 1.5 ′′ and only 6 sources lie beyond 1.5 ′′ . It is clearly seen from the figure that the sources are not centered on (0,0) and there is a small systematic offset between the radio and X-ray reference frames. The mean offsets are ∆ Ra = −0.32 ′′ and ∆ Dec = −0.27 ′′ . I shifted the X-ray reference frame to match up to the radio using the median offset of matched objects and again ran the source matching algorithm. Correcting this small offset made no difference to the total matched sample. Bauer et al. (2002) , used a 1 ′′ search radius for the VLA/Chandra cross correlation on the HDF-N; Barger et al. (2007) adopted a 1.5 ′′ search radius as a good compromise for the VLA/HDF-N.
The comparison of the positions of FIRST radio sources with the XBoötes X-ray sources reveals 92 coincidence, corresponding to an identification rate of ∼ 10% (92/900). This clearly shows that there is little overlap between radio and X-ray sources. A higher overlap between radio sources and X-ray sources has been found by Tozzi et al. (2009) . In their cross correlation between radio sources and X-ray sources in the E-CDFS area, they found that 40% of the radio sources are associated with X-ray sources. Rovilos et al. (2007) found that the radio detection rates for the E-CDFS and CDFS X-ray sources increases from 9% to 14% in the central region of this field (which has deeper X-ray data), while the X-ray detection rates for radio sources are 21% for the E-CDFS and 33% for the CDFS field. The radio flux density limit in Tozzi et al. (2009) ranges from 42 µJy at the field center, to 125 µJy near the field edge and in Rovilos et al. (2007) is 60 µJy, while the detection threshold in the FIRST survey is 1 mJy. Ciliegi et al. (2003) reported a high fraction of 36% in the HELLAS field. The identification rate measured in Akiyama et al. (2000) is 35% for the FIRST radio sources in the LSS field ( f X (2.0 − 10keV) = 1 × 10 −13 erg s −1 cm −2 ). It is interesting to note that both radio and X-ray detection rates increases with deeper observations. Ciliegi et al. (2003) have shown that the radio-X-ray association is a function of the radio/X-ray limit ratio, f r / f X (see their table 2), the deeper radio data compared to the X-ray flux limit, the higher the number of radio-X-ray associations. To summarise, the small fraction of radio detected X-ray sources in comparison to the previous results is due to a mismatch between the flux limit of the VLA FIRST 1.4 GHz (deep radio survey) and that of the Chandra XBoötes survey (shallow X-ray survey).
3.1 Optical counterparts to the radio/X-ray matches Brand et al. (2006) presented a catalogue of the optical/infrared counterparts to the 3213 X-ray point sources detected in the 
XBoötes survey
4 . These authors found optical counterparts for 98% of the X-ray sources using a Bayesian identification scheme. For each candidate the full catalogue provides a number of parameters containing information about the X-ray sources and their optical/infrared counterparts. A detailed analysis of the matching criteria and a full description of the catalogue is presented in Brand et al. (2006) . The following provides a brief description of the parameters that have been taken into account in this analysis:
• nopt: labels the number of optical sources with > 1% probability of being the correct optical/infrared counterparts to the X-ray source in the case of multiple matches.
• optrank: labels the optical rank when the X-ray sources are multiply matched. This parameter ranges from 1 (most probable) in running order to the least probable.
• bayprob: gives the Bayesian probability of an optical object being the true counterpart to an X-ray source.
• Class: describes the optical morphology of the optical counterparts to the X-ray sources (1: point-like object; 0: galaxy (extended or resolved)).
• flag: In cases of no optical ID being the most probable identification, the flag parameter takes three values which have been applied manually (Brand et al. 2006 ): (i) flag = −3: no optical ID but source obscured by nearby star / missing data.
(ii) flag = −2: no optical ID, but X-ray position is close to optically bright galaxy (source is either obscured by or associated with the galaxy). (iii) flag = −1:'true' no optical ID (optical image is truly blank).
A total of 90/92 of the X-ray counterparts to FIRST radio sources have optical counterparts and the remaining two X-ray sources are associated with a blank field (flag = −1). The majority (75%) of the X-ray candidates are associated with only one optical object (nopt=1). In 22 cases, the X-ray candidates have more than one optical match. Ten X-ray sources have 2 multiple matches, 4 The catalogue can be obtained through the NDWFS homepage at http://www.noao.edu/noao/noaodeep/XBootesPublic three X-ray candidates have three multiple matches, five X-ray sources are associated with 4 optical objects, one source have 5 optical counterparts, two X-ray candidates have 6 counterparts and one have 8 possible matches. In those multiple matches, only sources with optrank = 1 (high probability) have been considered as real matches.
In El Bouchefry (2008) , I have presented a cross correlation of FIRST radio sources and the NDWFS survey (Boötes field), using both the likelihood ratio and a simple positional coincidence. The identification procedure yielded 688/900 optical counterparts to FIRST radio sources in either one or more bands (Bw, R, I, K) . From these, 79 optical/infrared sources are common between the X-ray detected and radio detected samples. One should note that the Boötes field is split by declination into four strips (32
, each is imaged in four bands (Bw, R, I, K) . The Boötes field is partially covered in K band (especially the second strip and there Figure 3 . The FIRST radio sources with multiple components identified by the selection algorithm (Magliocchetti et al. 1998) . Each FIRST stamp is 2 ′ × 2 ′ , normalised to the maximum intensity.
is no K data for the first strip). In El Bouchefry (2008) , I cross correlated the FIRST radio sources and the FLAMEX survey (Elston et al. 2006) in order to get infrared data (K and J) for the second strip. FLAMEX survey covers about 4.7 deg 2 of the Boötes field.
Among the 79 radio-X-ray matches, 4 double-radio sources are identified in XBoötes field, four radio sources with three components and one source with four components. But only one component of each group that is identified in the XBoötes field, Figure  3 shows images of the identified double radio sources recognised by the selection algorithm. These images are extracted from the FIRST website 5 . In summary, the cross correlation of FIRST radio sources and the XBoötes survey yielded a total of 92 radio-X-ray associations. A total number of 79 optical/infrared sources is common to both radio and X-ray samples.
STELLARITY
Optical morphologies of these objects provide a further clue as to their nature. Here, I performed a simple morphological analysis of the identifications using the SExtractor stellarity parameter (Bertin & Arnouts 1996) ; which has values between 0 (galaxies or resolved) and 1 (stars or unresolved). The SEXtractor software has difficulty in correctly classifying sources fainter than R = 23 in the NDWFS data (Brown et al. 2003; Brand et al. 2006) . Typically, all objects brighter than R ∼ 23 should be classified correctly. Beyond that magnitude the SExtractor cannot give a reliable classification and just assign random values between 0 and 1. Figure 4 illustrates the stellarity parameter against the apparent R-band magnitude for all the X-ray sources identified in Boötes field in the upper panel, and for all radio-X-ray matches in Boötes field in the lower panel. If all sources with stellarity 0.7 are classified as point-like and all sources with stellarity < 0.7 (extended) as galaxies, there are 33 (42%) optical point-like sources and 46 (58%) galaxies. Taking a crude split between stars and galaxies at stellarity level of 0.9 and 0.1 for stars and galaxies respectively; all sources with stellarity 0.9 are classified as point-like objects (mostly QSO), sources with stellarity 0.1 as galaxies and intermediate objects as sources with 0.1 < stellarity < 0.9. This criterion yielded 27 (34%) pointlike sources, 35 (44%) galaxies and 17 (22%) intermediate sources.
The R band images for all the radio-X-ray matches are shown in Figure 5 . These cut-out images have been obtained from (Bertin & Arnouts 1996) versus R-band magnitude for the X-ray sources sources identified in Boötes field is shown in the top panel and for optical counterparts to the radio X-ray matches in the bottom panel. The horizontal line shows the boundary that has been assumed to classify the radio-X-ray matches into point sources (stellarity 0.7) and extended sources (stellarity < 0.7). Stellarity varies from 0 for a galaxy to 1 for a star.
the NOAO cut-out service: http://archive.noao.edu/ndwfs/cutoutform.html. The majority (63/75; 84%) of the radio-X-ray matches have magnitudes brighter than R = 23 from which 57% (36/63) have magnitudes brighter than R = 20 mag. These sources appear to be mainly elliptical, and some lenticulars are also seen. A number of these sources also appear to be either interacting or merging galaxies. At fainter magnitudes, the sources tend to have low stellarity (see Figure 4 ), so they are likely QSOs or compact galaxies.
OPTICAL MAGNITUDE DISTRIBUTIONS
In the absence of spectroscopic data, the magnitude and colour distributions of the optical counterparts can be used to derive some information on the nature of the faint radio population. In Figure 6 , the optical magnitude distributions in R band of the optical counterparts to the radio-X-ray matches are plotted. The histograms shown are (from top to bottom) distributions for: 1) all X-ray sources optically identified in the Boötes field, 2) all X-ray sources identified in four bands (Bw, R, I, K) in the Boötes field, 3) all FIRST radio sources identified in the Boötes field, and 4) all the optical counter- parts to the radio-X-ray matches. The magnitude distribution of all X-ray sources identified in Boötes field has two apparently weak peaks with a small tail at brighter magnitudes and few counterparts at fainter magnitudes. The radio sample has significantly flatter distributions compared to the global optical catalogue (orange histogram) and to the X-ray sources identified in four bands (green histogram), and falls off at R ∼ 24. The mean magnitude of the optically extended radio-X-ray matches is R = 20.68 with a median of 19.91. For radio-X-ray matches that are associated with point-like objects the mean magnitude is R = 19.62 and the median is 18.58.
The mean magnitude for all radio-X-ray matches is R = 20.16 and the median is R = 22.13.
PHOTOMETRIC REDSHIFTS
Optical classification
Optical spectroscopic information is available for 22 out of 79 sources (28%). The spectroscopic data have been obtained from the SDSS (Sloan Digital Sky Survey). The spectroscopically identified sample comprises 14 point-like objects (13 sources show broad emission lines and one source shows a featureless spectrum) and 8 resolved radio galaxies (with emission/absorption lines). Extragalactic radio sources are known to be a mixture of two main populations: AGN and star-forming galaxies. The AGN class can be divided into two sub-classes: QSOs (often unresolved in the optical image) and objects where the AGN does not dominate the entire SED (Spectral Energy Distribution), such as type 2 QSOs, low luminosity AGN (seyfert and LINER) and absorption line AGN. A total number of 13 point-like objects are spectroscopically classified as QSOs by the SDSS and the point-like source which shows a featureless optical spectrum could be classified as a BL Lac object. The presence of broad emission lines (width larger than 2000 km/s) like Mg II , C III and at large redshifts C IV and Lyα classifies the source as a broad line AGN (BLAGN), type -1 AGN or QSO according to the simple unification model by Antonucci (1993) Number of sources R magnitude Figure 6 . The optical magnitude distributions in R band for (from top to bottom): all the X-ray sources identified in Boötes field, all X-ray sources identified in four bands (Bw, R, I, K) in Boötes field, all FIRST radio sources identified in Boötes field and all the common optical counterparts to the radio-X-ray matches.
ERS I used an empirical relation given by Kewley et al. (2006) :
Based on the 2 independent classification of galaxies, 3 emission lines galaxies were classified as star-forming galaxies (sources # 42, #46, #71) and four were classified as LINERS (sources #29, #39, #56, #62). In Summary, among the spectroscopically classified sources I find: 13 BLAGNs (59% of the sample with spectroscopic redshift), one BL Lac object (source #11), 3 (14%) star-forming galaxies and four (18%) LINERS galaxies. The optical spectra of these sources are shown in Figure 19 with spectroscopic redshift, type and source number printed on each figure. One also notes the fair agreement (98%) between the SDSS classification and the SExtractor stellarity parameter (provided by the NDWFS catalogue) used so far to classify the radio-X-ray matches into point-like objects and extended objects. For the remaining sources (55) without spectroscopic information I turn to photometric redshift techniques to estimate redshifts for these.
Photometric redshift technique
Photometric redshift techniques have been applied by many authors to obtain photometric redshift for X-ray sources identified in optical/radio surveys (Barger et al. 2001 (Barger et al. , 2002 Gandhi et al. 2004; Mobasher et al. 2004; Zheng et al. 2004) . X-ray sources may have complex spectral energy distributions that arise from both the host galaxy and the AGN. Consequently estimating photometric redshifts for X-ray sources using templates for normal galaxies may be problematic. However, with the aim of studying the X-ray spatial correlation function in the NDWFS survey (Boötes field), and in the absence of spectroscopic redshifts, Gonzalez & Maccarone (2002) have studied the effectiveness of photometric redshifts based on galaxy spectral template fitting for 65 X-ray luminous objects detected by Chandra in the Caltech Faint Galaxy redshift survey (CFGRs). The authors used the two publicly available codes, Hyperz 6 ( Bolzonella, Miralles & Pello 2000) and BPZ (Bayesian photometric redshift, Benitez 2000). Gonzalez & Maccarone (2002) have shown that the two codes produce similar results when compared to spectroscopic data, and confirm that photometric redshifts based on template fitting for X-ray sources are quite robust for 90% of sources that have optical counterparts brighter than R ∼ 24.5 (see also Barger et al. 2002; Gandhi et al. 2004; Zheng et al. 2004) . They have shown that photometric redshift estimates agree well with spectroscopic measurements for objects in which galactic light dominates the optical flux. Using multi-wavelength photometric data from the Great Observatories Origins Deep Survey, Mobasher et al. (2004) also attempted to estimate photometric redshifts for a sample of 434 galaxies with spectroscopic redshifts in the Chandra Deep Field-South with magnitudes in the range 18 < R AB < 25.5. The authors have applied a Bayesian method to two subsamples of galaxies: Extremely Red Objects (EROs) and AGNs. Mobasher et al. (2004) found good agreement between photometric redshifts based on template fitting and more accurate results for EROs when compared to the sample as a whole (σ = 0.051), while the results tended to be less accurate for X-ray sources (AGNs) (σ = 0.104), but still acceptable for further studies.
In this paper, I used the publicly available code Hyperz to obtain photometric redshifts for the radio-X-ray matches. The code is based on fitting template spectral energy distributions (SEDs) to broad band photometry fluxes in as many filters as possible. I used Gissel 98 galaxy templates which are the 1998 update of the spectral synthesis models described by Bruzual & Charlot (1993) , with different star formation histories and spanning a wide range of ages from 1 Gyr to 30 Gyrs. All the models include solar metalicity and Miller (1979) initial mass function. The Hyperz code also includes Lyman forest absorption according to the model of Madau (1995) . Four quasars templates compiled from Le PHARE software 7 (Cristiani & Vio 1990; Cristiani et al. 2004) were included as well. For each identified radio-X-ray source Hyperz provides a possible z phot (and corresponding reduced χ 2 probability) for each set of templates. The "best" highest probability (χ 2 2.7, 90% confidence limit) was selected as the correct one, together with the corresponding spectral type.
Four filters (Bw, R, I, K) have been used to obtain photometric redshifts for 79 radio-X-ray matches. The majority of the radio-X-ray matches (63%) were detected in four bands. As mentioned previously, no infrared data were available for the first strip (32
• ), 8 radio-X-ray sources were identified in this strip. In this case, spectroscopic redshift was available for four radio-Xray matches, and for the remaining four sources, photometric redshift was estimated based on three filters (Bw, R and I). In 23 cases, it was not possible to assign an accurate photometric redshift (χ 2 > 2.7, 90% confidence limit), but 12/ 23 of these sources have spectroscopic redshifts (The majority of these sources were detected either in three bands or two bands). Figure 7 displays the photometric redshift distribution derived for the radio-X-ray matches. The hatched histogram shows the spectroscopic redshift distribution for 22 radio-X-ray matches and the open histogram displays the best estimate of photometric redshifts (χ 2 < 2.7, 90% confidence limit) as derived from Hyperz. The inset shows the photometric redshift vs spectroscopic redshift for sources with secure redshift (i.e. χ 2 <2.7). About 72% of the sources are estimated to be at z 1 with a small tail extending up to z ∼ 4, and the mean photometric/spectroscopic redshift is z ∼ 0.85. Only a small fraction (22/79) of the optical counterparts to the radio-X-ray matches have a spectroscopically measured redshift. Comparing the z phot with z spec , the accuracy of the photometric redshift technique applied so far is estimated to be ∆ z/(1 + z spec ) ≈ 0.017.
The K − z diagram
It is believed that powerful radio galaxies and quasars are associated with the most massive galaxies at a wide range of redshifts. A number of studies of these objects have shown that the near infrared K band magnitudes follow a tight correlation with redshifts (e.g. Willott al. 2003; Jarvis et al. 2001) . Studies of fainter radio sources at mJy level also have shown a remarkably tight correlation between the K magnitude and redshift (e.g. Brookes et al. 2006; El Bouchefry & Cress 2007) . This diagram has been widely used to study evolution of galaxies at high redshifts and is known to be an excellent tool to measure stellar masses of galaxies up to high redshifts. The K magnitude versus redshift of the optical counterparts to the radio-X-ray matches is shown in Figure 8 ; point-like objects (QSO, stellarity 0.7) are represented by empty circles, small filled circles stand for resolved objects (galaxies; stellarity<0.7). Large blue circles denote spectroscopically identified sources, and large yellow cirles stand for sources with R− K > 5. The blue curve shows the best fit to the K − z relation for the radio-X-ray matches (only extended objects were considered in this fit):
and the green line illustrates the second order polynomial best fit of Willott al. (2003) : K = 17.37 + 4.53 log 10 z − 0.31(log 10 z) 2 . The three upper lines show the passive stellar evolutionary tracks of an
for an instantaneous starburst at z = 5 and z = 10 as well as a no-evolution curve, as derived by Jarvis et al. (2001) . The majority of the sources lie brighter than L ⋆ . But it is important to note that the K band catalogue is not as deep compared to the study of Willott al. (2003) . Willott al. (2003) obtained complete K-band data of the complete radio samples. Here there are 28 sources that are not identified in the K band, thus with a sample biased such as this the sources will all tend to be at the bright end of the magnitude range and this could be misleading. However, it is encouraging that the K-band magnitudes with the photometric redhsifts agree with the Willott al. (2003) relation.
X-RAY AND RADIO LUMINOSITIES
In the following subsection, the photometric redshift estimates have been used to calculate the X-ray and radio luminosities. The spectroscopic redshift measurements have also been used whenever available. Figure 9 displays the X-ray (0.5 − 7) keV luminosity (upper panel) as a function of redshift. The curve represents the detection limit. The rest-frame X-ray luminosity was calculated from:
X-ray luminosity
where d L is the luminosity distance (in cm), f X is the observed full X-ray flux (in erg s −1 cm −2 ). Γ is the photon index assumed to be Γ = 1.8 for all sources. Barger et al. (2002) , have shown that the use of individual indices result in only small differences in the rest-frame luminosities (see also Barger et al. 2007) .
In order to classify the X-ray counterparts to FIRST radio sources, I used the same procedure adopted by Szokoly et al. (2004) . Following Szokoly et al. (2004) the X-ray sources can be classified based only on their observed X-ray L X properties and the hardness ratio, HR = h − s/h + s, where h is the number of counts Passive evolution at z=10 Passive evolution at z=5 Non-evolution Figure 8 . The K magnitude versus redshift z for all the radio-X-ray matches. Point-like objects (QSO, stellarity 0.7) are represented by empty circles, small filled circles stand for resolved objects (galaxies; stellarity<0.7). Large blue circles denote spectroscopically identified sources, and large yellow cirles stand for sources with R − K > 5. The green line shows the best fit to K − z relation of Willott al. (2003) and the blue line shows the best fit K − z relation for only AGNs with log f X / f opt > 1 for this study (point sources are not included in this fit). The three upper lines show the passive stellar evolutionary tracks of an L ⋆ (K) galaxy (where L ⋆ (K) is the K band L ⋆ ) for an instantaneous starburst at z = 5 and z = 10 as well as a no-evolution curve, as derived by Jarvis et al. (2001). detected in the 2 − 7 keV band and s is the number of counts detected in the 0.5 − 2 keV band. The X-ray luminosity L X is derived from the 0.5 − 7 keV fluxes and spectroscopic/photometric redshifts. The criteria adopted by Szokoly et al. (2004) The classification criteria yielded 37 radio-X-ray matches classified as AGN-1, 19 classified as AGN-2. Normal galaxies represent a small fraction of 9 sources while 12 sources were classified as QSO-1 and 10 sources of these were spectroscopically classified as QSOs and some of these sources were also identified in the ROSAT. The QSO-2 type constitutes the smallest fraction: two candidates were classified as QSO-2 sources. Only a few sources considered as the prototype of type 2 quasars have been detected for example in Norman et al. (2002) and Stern et al. (2002b) , but many more have been discovered recently (e.g. Fiore et al. 2008 ).
As discussed previously, different types of X-ray sources are separated in the plot of X-ray hardness ratio versus X-ray luminosity. This trend is shown in Figure 10 , where the hardness ratio as a function of the soft X-ray luminosity is illustrated in the top panel and as a function of the hard X-ray luminosity in the lower panel. Redshift (z) Figure 9 . Full (0.5 − 7) keV X-ray luminosity versus redshift for the radio-X-ray matches is shown in the top panel. Solid line represents the faintest limiting X-ray luminosity for a source with a full flux of ∼ 8×10 − 15 erg s −1 cm −2 as a function of redshift. The lower panel shows the radio luminosity as a function of redshift for all the radio-X-ray matches and the solid line corresponds to the radio flux limit of 1 mJy. Sources with spectroscopic redshift are shown with large filled circles (Cyan colour).
Radio luminosity
The rest-frame radio luminosity density was calculated from the following equation:
where d L is the luminosity distance (in cm), S 1.4 is the 1.4 GHz flux density (in mJy), and α is the radio spectral index ( f ν ∝ ν −α ), which is taken to be 0.8. Figure 9 (bottom panel) shows the 1.4 GHz luminosity as a function of redshift for all the radio-X-ray matches. Here the curve represents the detection limits. Many of the objects The hardness ratio as a function of the soft X-ray luminosity (top panel) and the hard X-ray luminosity (bottom panel) for the radio-Xray matches. Same symbols as for the radio-X-ray matches in Fig 9. are close to the lower radio flux limit and also many of the AGN-1 cluster around a redshift of z ∼ 0.7.
X-ray-radio correlation?
At the sub-mJ and µJy levels, radio emission is known to be a highly accurate indicator of star formation rate (see the review by Condon 1992) because of the extremely tight FIR-radio correlation, which deviates by less than a factor of two over five orders of magnitude. A number of studies have investigated the radio-derived SFRs and found them to be in good agreement with the FIR derived values (e.g. Condon, Anderson & Helou 1991; Haarsma et al. 2000; Hopkins et al. 2001; Bell 2003) . The disadvantage of this method is that it is hard to account for the contamination of the radio flux by AGNs. Moreover, star-forming and spiral galaxies are also found to be powerful X-ray emitters with luminosities that sometimes exceed ≈ 10 42 erg s −1 (e.g. NGC 3265; Moran et al. 1999) . This is believed to be due to a number of high mass X-ray binaries, young supernovae remnants and hot gas plasma associated with star forming regions (see the review by Fabbiano 1989) . With the latest generation of X-ray satellites such as Chandra and XMM, it is now possible to study the X-ray-SFR correlation (Bauer et al. 2002; Franceschini et al. 2003; Grimm, Gilfanov & Sunyaev 2003; Ranalli, Comastri & Setti 2003) . Early results show good agreement with FIR and radio estimates of the SFR.
Correlations between X-ray and radio luminosities for radioquiet AGN have been determined by Brinkmann et al. (2000) . These authors have cross correlated the FIRST radio survey (S 1.4 GHz > 1mJy) and the ROSAT ( f X > 10 −13 erg m −2 s −1 ) and shown that the X-ray and radio luminosities for radio quite AGN follow a relatively tight linear correlation in the form: log (L X ) = (−4.57 ± 2.55) + (1.012 ± 0.083) log (L 1.4 GHz ) (4) Simpson et al. (2006) have converted the previous correlations (found for X-ray-radio AGN) to relationships between fluxes in the form of :
S 2−10 keV (W m −2 ) = 10 −15.3 S 1.4 GHz (mJy),
and also converted correlations found for X-ray radio star-forming galaxies into relations between fluxes:
S 0.5−2 keV (W m −2 ) = 10 −18 S 1.4 GHz (mJy)
S 2−10 keV (W m −2 ) = 10 −18 S 1.4 GHz (mJy),
and used these relations in their plot of X-ray flux versus radio flux density in order to determine the nature of their radio-Xray matches, depending on which of the two correlations they are closer to (radio quiet AGNs or starburst galaxies). The authors suggest that 20% or more of the radio sources in the sample with 100 µJy < S < 300 µJy are radio quiet AGNs. They also claim that the radio-X-ray correlation found for radio quite AGN might be biased to unusually high X-ray-luminous sources because it is derived from cross correlation of a deep radio catalogue (FIRST) and a shallower X-ray survey (ROSAT). The top panel in Figure 11 presents the distribution of the full X-ray flux against radio flux density. It is immediately clear from this plot that there is no obvious correlation between radio and Xray fluxes. The majority of the radio-X-ray matches have a radio flux below 10 mJy. Three sources are detected below the radio flux density limit (1 mJy); two of theses sources are optically star-like and X-ray bright sources of which one is spectroscopically identified as a QSO. The third source is an optically extended source and is spectroscopically identified as galaxy showing a narrow emission line. This source is classified as an AGN-2 based on its X-ray luminosity and hardness ratio. The lower panel in Figure 11 shows the full X-ray luminosity versus the radio luminosity, galaxies extend to lower radio/X-ray luminosities from the quasar population with some overlap. The majority of the radio-X-ray matches tend to have a small radio to X-ray luminosities ratios, corresponding to radio-quiet AGN. The small sample size and incompleteness of the spectroscopy do not allow more quantitative conclusions.
X-RAY-TO-OPTICAL FLUX RATIO
The X-ray to optical flux ratio is an important tool that can be used to explore the nature of the X-ray sources. Previous studies (e.g. Maccacaro et al. 1988; Elvis et al. 1994) have shown that there is an empirical relationship between X-ray and optical emission in AGN, and this can yield important information on the nature of AGN activity. In the X-ray optical plane, powerful unobscured AGNs (e.g. Stocke et al. 1991; Barger et al. 2003) typically have flux ratios of −1 < log f (2−7) keV / f opt < +1, while star forming galaxies and low luminosity AGNs tend to have log f (2−7) keV / f opt −1 (e.g. Hornschemeier et al. 2001; Giacconi et al. 2002; Alexander et al. 2001) . The X-ray-to-optical flux ratio is estimated from the relation (Hornschemeier et al. 2001): where the flux is measured in units of 10 −15 erg s −1 cm −2 in the considered X-ray band and R is the apparent R-band Vega magnitude. Figure 12 plots the R magnitude as a function of the 0.5 − 7 keV X-ray flux for the radio-X-ray matches (top panel). The middle panel displays the 2 − 7 keV X-ray flux for the radio-X-ray matches. The filled diamonds illustrate the Akiyama et al. (2000) ASCA Large Sky Survey data (two clusters and one source without optical identifications have been excluded). The bottom panel shows the 0.5 − 2 keV soft X-ray flux for the radio-X-ray matches. The figures show that there is a large fraction of the sources that span the typical X-ray-to-optical flux ratio of the AGN region. The majority of the radio-X-ray matches (68%) fall within log f (2−7) keV / f opt = 0.0 ± 1.0. One notes that there is also a significant population (∼ 23%) of sources that are X-ray over-luminous for their optical magnitudes [log f (2−7) keV / f opt > 1], suggesting high redshift sources and/or dust obscuration (Alexander et al. 2001; Fiore et al. 2003; Brusa et al. 2004; Georgantopoulos et al. 2004; Mignoli et al. 2004; Gandhi et al. 2004; . Among the sources with a high X-ray-to-optical flux ratio, five are EROs shown with large yellow filled circles. Two optically non-identified sources fit within this category but are not plotted here.
Recent studies have revealed a population of optically bright X-ray faint sources. Such a population was unveiled by the Chandra deep survey Tozzi et al. 2001 ) and appear to be at z 1. These sources appear mainly at very faint X-ray fluxes ( 10 −15 erg s −1 cm −2 ), and were found to comprise star-forming galaxies, normal galaxies and low luminosity AGN (with L X < 10 42 erg s −1 in the 0.5 − 10 keV band). However, in this analysis 7 (8%) radio-X-ray matches are found to be optically bright-X-ray faint [log f (2−7) keV / f opt < −1]. All are extended objects in the R band image (sources # 20, # 29, #39, # 42, # 44, # 48, # 71) and their R magnitude is in the range 15 < R < 18 (and I < 17). Four of these sources are classified spectroscopically as galaxies: source # 29, source # 39, source # 42 and source #71, with spectroscopic redshifts of z = 0.128, z = 0.126, z = 0.238 and z = 0.129 respectively (see their spectra in Figure  19) . Thus, these sources should be nearby, bright normal galaxies (see e.g. Barger et al. 2001; Tozzi et al. 2001; Hornschemeier et al. 2001 ). In addition, two sources (# 29 and # 39) of the spectroscopically identified sources are classified as AGN-2 (based on the X-ray luminosity) with L X [0.5 − 7 keV] = 2.3 × 10 41 erg s −1 , and L X [0.5 − 7 keV] = 2.2 × 10 41 erg s −1 respectively. The two sources are classified as LINERS using the BPT diagram. So it is interesting that the two classification methods, optical and X-ray, are in good agreement. The other two sources (# 42 and # 71) are classified as normal galaxies based on their X-ray luminosity and classified as star-forming galaxies using the optical classification. Their X-ray luminosity are: L X [0.5 − 7 keV] = 6.7 × 10 41 erg s −1 , and L X [0.5 − 7 keV] = 2.8 × 10 41 erg s −1 respectively. Figure 13 shows the R − K colour of the optical counterparts to the radio-X-ray matches as a function of the R magnitude. One notes that the R − K colour tend to increase to fainter magnitudes. A Similar trend has been reported by several studies (e.g. Lehmann et al. 2001; Alexander et al. 2001; Mainieri et al. 2002) . Galaxies (stellarity < 0.7) rapidly become redder than point-like objects (stellarity 0.7). One also notes the clear separation between the two groups. This can be seen in a more pronounced way in figure  17 , where the Bw − I colour is plotted versus the I − K colour. The optical point sources tend to occupy a different region from the optically extended ones in the colour-colour diagram. The blue colour of point-like objects is consistent with those of quasars. Five interesting objects are associated with bright near infrared sources with 17 < K < 19 and have colours R − K > 5 that would classify them as Extremely Red objects (EROs). In this subsample of the EROs, four are classified as AGN1 and one source is classified as AGN2 based on their X-ray properties. The red colour of the radio-X-ray matches can be explained by either obscured AGN or a high red- shift cluster of galaxies (Lehmann et al. 2001 ). The extremely red colour of X-ray sources can be used as a good tracer of red galaxies at high redshifts. Near infrared spectroscopy observations have confirmed this (e.g. Cowie et al. 2001) . The ERO population is well known to be a mixture of old passively evolving elliptical and star-forming galaxies strongly reddened by dust extinction at high redshift (z > 1). Photometric and spectroscopic classifications (see e.g. Cimatti et al. 2003; Smail et al. 2002) have shown that the ERO population is almost equally divided between the two components.
Extremely red objects
The photometric redshift of the five EROs ranges from 0.88 to 1.77 and the spectral type classifies two EROs as ellipticals, two as starburst galaxies and the last one as lenticular. Moreover, these sources have a high X-ray to optical flux ratio log ( f X / f opt ) > 1 (see Figure 14 , yellow filled circles) and this signature can be used to identify high redshift X-ray sources. Obviously spectroscopic confirmation is required to explore this further. The X-ray luminosities in the 0.5-7 keV rest-frame energy band of the EROs are in the range 10 43 − 10 44 erg s −1 , suggesting that the EROs X-ray emission is most likely powered by AGN activity. Figure 14 displays the X-ray-to-optical flux ratio (calculated using equation 9) as a function of the hardness ratio (upper panel) and as a function of the Bw − R colour (lower panel). Although the radio-X-ray matches span a large range of hardness ratios, most sources cluster around the soft values (HR ∼ −0.4). The majority of these sources have point-like optical morphology and 12 of them are spectroscopically identified as QSOs with broad emission lines and high f x /f opt , while two sources are spectroscopically identified as galaxies showing narrow emission lines with high X-ray-tooptical flux ratio (log f X / f opt > −1) with high hardness ratio, possibly suggesting high column densities. The lower panel in Figure 14 shows that BLAGNs have bluer color compared to not BLAGNS. The same figure shows that the optically extended sources have, on average, a red colour (Bw − R 1.5), suggesting that the optical light is dominated by the host galaxy rather than the central AGN (e.g. Barger et al. 2003; Gandhi et al. 2004) . Additional evidence that the optical/NIR light in many sources is dominated by the host galaxy can be seen in Figure 15 where the optical-NIR colour is plotted versus redshift and the magnitude respectively. Figure 15 displays the R − K colour as a function of redshift. Overlaid are the optical/NIR colours of a QSO spectrum (Cristiani & Vio 1990; Cristiani et al. 2004 ) obtained from the template SED of the LE-PHARE software and the mean observed spectra of three different galaxy types (E/S0, Sbc, Scd). Broad line AGNs, most of which exhibit soft X-ray spectra, have colours consistent with the QSO template prediction, while the extended sources follow the galaxy tracks. Again this figure illustrates an interesting segregation between optically extended and point-like objects, and clearly shows that optically extended objects have a redder colour while point-like objects tend to have a blue colour consistent with QSOs. Figure 16 illustrates the hardness ratio as function of redshift (top panel) and the optical/near-infrared colour (bottom panel). This figure shows an interesting evolution of the hardness ratio with redshift of the radio-X-ray matches. The hardness ratio declines with redshift, and the majority of the hard X-ray counterparts to FIRST radio sources are at redshift lower than 1.5. This could be due to a combination of two effects. First, the fraction of AGN which are obscured is higher at lower luminosities (equals lower redshifts in a flux-limited sample). Sceond, the k-correction for obscured AGN pushes the less obscuration sensistive hard Xrays into the observed band at higher redshift. The hardness ratio versus R − K optical colour is presented in the lower panel of Figure 16 . In this diagram, no clear correlation between the hardness ratio and optical colour is observed. Ignoring the QSOs, it could be noted that the very hard sources all have low R − K. This is a consequence of the correlation of hardness ratio with redshift in Figure  16 (upper panel) and the fact that low R − K galaxies are mostly at low redshift. One should note, however, that, in general, sources optically classified as obscured AGN are redder than unobscured AGN and also tend to have higher values of HR. Figure 17 displays the Bw − I colour versus the I − K colour. The optical point sources tend to occupy a different region from the optically extended ones in the colour-colour diagram. The clear separation between the two groups reflects the effectiveness of the SExtractor parameter to separate extended objects (galaxies) and pointlike objects (stars or QSOs). The blue colour of optical point-like objects is consistent with those of quasars. In addition to the pointlike objects (13 sources) spectroscopically classified as quasars (cyan filled circles), 20 of the identifications have stellar optical profiles and all of these lie in the AGN region of the X-ray optical plane (see Figure 12 ), suggesting that they are QSOs rather than stars. Figure 18 shows the Bw − R colour as a function of R magnitude. A similar trend is shown in this Figure. In this Figure  a group of optically extended objects tend to have a bluer colour (Bw − R < 1) at fainter magnitudes (22 < R < 24). Akiyama et al. (2000) used this criterion to select candidates of BLAGNs in the LSS area. Bw -R Figure 14 . The X-ray-to-optical flux ratio as a function of the Hardness ratio HR (HR is defined as (h-s)/(h+s) where h and s are the count rates in the 0.5 keV and 2 − 7 keV bands respectively) (top panel) and as a function of the optical colour Bw − R (bottom panel). Horizontal lines show location of constant X-ray-to-optical flux ratio of +1, 0, and -1. Same symbols as for the radio-X-ray matches in Fig 9. 
GENERAL PROPERTIES OF THE RADIO-X-RAY SAMPLE
HR-X-ray-to-optical flux ratio-colour
Colour-colour diagram
FINAL DATA TABLE
The final characteristics of the radio-X-ray matches are presented in Table 1 , the table contains the following information:
• (1) source ID number;
• (2) X-ray object name (X-ray counterparts to FIRST radio sources); • (3)-(4) radio coordinates in hours, minutes and seconds;
• (5) radio flux in mJy;
• (6)- (7)-(8) the X-ray flux in the full (0.5-7) keV, soft (0.5-2) keV and hard (2-7) keV bands in units of erg s −1 cm −2 ; • (9) the hardness ratio HR, derived from the 0.5-2 and 2-8 keV band counts (Kenter et al. 2005 );
• (10) X-ray-to-optical flux ratio;
• (11)-(12) log of X-ray luminosity in 0.5-2 keV, 2-7 keV and 0.5-7 keV respectively in erg s −1 ;
• (13) log of X-ray luminosity in 0.5-7 keV in erg s −1 ; • (14) log of 1.4 GHz luminosity in W Hz −1 ; • (15)-(16) the apparent R band magnitude associated with the corresponding errors and the R − K colour respectively;
• (17) the source extractor stellarity parameter used to classify sources into point-like objects and extended sources;
• (18) the photometric redshift as derived from Hyperz with the corresponding errors. Sources with spectroscopic redshift are printed in bold face;
• (19) Classification obtained from the X-ray characteristics (based on the X-ray luminosity and the hardness ratio HR).
CONCLUSIONS
In this paper I have presented the broad band properties of a sample of 79 radio emitting X-ray sources, obtained from a correlation of the FIRST 1.4 GHz survey and the publicly available X-ray data of the medium depth XBoötes field. Out of ∼ 900 FIRST radio sources that lie in the Boötes field, 92 have an X-ray counterparts Hardness ratio R -K Figure 16 . The hardness ratio as function of redshift is plotted in the top panel, and as a function of the optical/near-infrared colour is plotted in the bottom panel. Same symbols as for the radio-X-ray matches in Fig 9. A clear correlation between HR and the optical/near-infrared colour is not observed.
and 79 optical/infrareds sources are common to both radio and Xray sources. All the 79 sources are identified in the full X-ray band (0.5-7 keV), 76 in the hard X-ray band (2-7 keV) and 77 in the soft band (0.5-2 keV). The main conclusions can be summarised as follows: Optical spectra were obtained from the SDSS for 22 radioXray matches. The majority of the spectroscopically identified sources are BL AGNs, 18% are classified as LINERs, 14% as star-forming galaxies and one source classified as BL Lac object. Among the sources with no spectroscopic classification 19 are point-like with blue colours and are most probably QSOs. Photometric redshifts were calculated using the public code Hyperz. The redshift distribution of the AGNs shows a peak at z ∼ 0.7, supporting previous studies (Barger et al. 2003 ) that show that the peak formation of super-massive black holes occurred at relatively recent times (z < 1). This leads to the conclusion that medium depth X-ray surveys are well suited for studying and probing this epoch effectively. Photometric redshifts were also used to investigate the K − z relation. It is found that the K − z relation obtained using photometric redshifts is similar to that obtained for brighter sources investigated by Willott al. (2003) and Brookes et al. (2006) . One should note that the K band catalogue is not as deep compared to the study of Willott al. (2003) . Deep K band data and more use of spectroscopic redshifts is required before strong conclusions can be drawn.
X-ray luminosities have been calculated using photometric redshifts and also spectroscopic redshift wherever available. The majority (88%) of the sources have a high X-ray luminosity in the full band, L X > 10 42 erg s −1 , and 11% of sources have low X-ray luminosity, L X < 10 42 erg s −1 . The classification of the radio-X-ray matches based on the hardness ratio and X-ray luminosity yielded 46% AGN-1 (unobscured), 24% AGN-2 (obscured), 15% QSO-1, 3% QSO-2 and 11% normal galaxies. One should note that 13 sources were spectroscopically classified as QSO (by SDSS) and 12/13 were classified as QSO-1 based on X-ray luminosity and hardness ratio. So it is interesting that the X-ray classification scheme is largely coincident with the classical AGN classification based on optical spectroscopic diagnostics.
The X-ray-to-optical flux ratios is a good discriminator between X-ray sources classes down to very faint optical magnitudes and X-ray fluxes, with AGN typically falling within the region defined by the loci log f X / f opt = 0 ± 1, and star-forming galaxies and low luminosity AGNs have log f X / f opt −1. The majority of the radio-X-ray matches (68%) are AGN (log f X / f opt = 0 ± 1). One notes again that all the sources classified as QSO (by SDSS) fall within this region. A significant population (23%) exists with high X-ray-to-optical flux ratio (log f X / f opt > 1) corresponding to high redshift or dust obscuration, and 8% have low X-ray-to-optical flux ratio (log f X / f opt −1) that comprise normal galaxies and low Xray luminosity sources.
The R − K colour of the radio-X-ray matches get redder towards fainter R magnitudes, such trend is not present between R−K and the K magnitude. Five radio-X-ray matches fall in the class of Extremely Red Objects, R − K > 5, with 17 < K < 19. The majority (4/5) of the EROs tend to have soft X-ray hardness ratio, but the small sample size of the EROs and incompleteness of the infrared data do not allow for more conclusions.
Comparing the R − K colours of the radio-X-ray matches with evolutionary tracks of various galaxy types and a QSO template as a function of redshift, I found that broad line AGNs, most of which exhibit soft X-ray spectra, have colours consistent with the QSO template prediction, while the extended objects follow the galaxy tracks indicating that these sources have colours dominated by the host galaxy.
No clear correlation found between the hardness ratio and optical/infrared colours. It is noted that the very hard sources tend to have low R − K colour. This is a consequence of the correlation of the hardness ratio with redshift (see lower panel of figure 16 ) and the fact that low R − K galaxies are mostly at low redshift. One should note, however, that, in general, sources optically classified as obscured AGN are redder than unobscured AGN and also have higher values of hardness ratio.
Results form this study will be used to calculate the X-ray luminosity function and determine its evolution with redshift in a future study. This work makes use of images data products provided by the NOAO Deep Wide-Field Survey (Jannuzi and Dey 1999), which is supported by the National Optical Astronomy Observatory (NOAO). NOAO is operated by AURA, Inc., under a cooperative agreement with the National Science Foundation.
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